Abstract: A magnesium alloy was fabricated through the consolidation of chips accumulated during the turning process, followed by cold compaction and hot extrusion. A variation in the depths of cut was done during turning to understand the effect of deformation imparted during primary processing on the mechanical properties of an AZ91 alloy (Mg-9 wt.% Al-1 wt.% Zn-0.3 wt.% Mn). The results revealed a significant improvement in compressive strengths (up to 75%) with increased depth of cut, without compromising ductility through the development of fine-grained structures and prior plastic strain induction. This approach resulted in superior materials vis-a-vis conventional deformation techniques and promotes cost and energy efficiency through recycling industrial metal swarf, which is a significant environmental and economic concern.
Introduction
For magnesium to replace the relatively heavier aluminum, titanium, and steels in structural applications, there are still several challenges that are persistent such as the inferior strength, ductility, corrosion resistance, etc. of magnesium [1] . Among the magnesium alloys, the most widely used commercial alloy AZ91 exhibits an excellent combination of mechanical properties, corrosion resistance, and cast ability [2] . However, improved strength is still needed to extend its applications. There have been several attempts made previously to improve its mechanical properties through altering the processing or modifying the alloy chemistry. The effectiveness of severe plastic deformation (SPD) techniques such as equal channel angular pressing (ECAP) to improve the mechanical properties of AZ91 alloy has been widely studied [3] [4] [5] . While this is a hot deformation technique, it was demonstrated that cold severe plastic deformation processes such as HPT (high pressure torsion) can render the AZ91 alloy superplastic [6] . Apart from these SPD techniques, effects of torsion deformation and ageing have also been studied [7] on age hardenable alloys such as the AZ91 alloy. It has been reported that this method was effective in reducing the yield asymmetry of the alloy, and deformation by torsion enhanced the effect of age-hardening that led to continuous precipitation, hence improving the mechanical properties of the alloy. Thus, significant enhancement of the properties can be achieved based on the extent of deformation introduced in the material. A majority of these deformation techniques are wrought techniques where the material undergoes secondary processing such as extrusion, rolling, or forging. In this work, the concept of deformation was used as an inspiration and applied as an extension to the primary processing to synthesize materials with better mechanical properties. In this regard, a novel approach of producing deformed material from chips/turnings obtained during the turning (machining) process followed by the conventional powder metallurgy of the turnings is proposed, as given in Figure 1 . Turning of a metal involves the removal of material in the form of chips/turnings through localized deformation as stated in [8] . This approach of inducing stated in [8] . This approach of inducing deformation is deemed to be an efficient form as it uses chips that are usually scrap formed during the removal of material to obtain the desired geometry. In the US, machining and other related operations accounts for an expenditure higher than hundred billion dollars ($100 billion) annually [9] . Most machine tools (>80%) typically used in the manufacturing industry are metal cutting in nature, leading to large volumes of metal swarf. Recycling these metal wastes could enhance economic profit and reduce the environmental impact of manufacturing (ore mining and metal refining to meet the metal stocks of global demand annually) [10] . Furthermore, due to the excellent machinability of most magnesium based materials, the machining of magnesium can be done via dry cutting where the need for cutting fluids or lubricants is eliminated before the recycling operation, thus making it an economical process [11] . Thus, this work proposed a novel, efficient, and economic approach of improving the mechanical properties of a magnesium alloy through a turning-induced-deformation technique. The as-cast ingots used in this work for turning and the generation of chips as several die cast magnesium alloys were machined to obtain the required dimensions and surface finish, and the magnesium swarf was generated in this process [12] . Although previous works have been undertaken on the consolidation of chips (solid state recycling) of magnesium, aluminum, and copper [13, 14] , there has been no systematic study, to the authors' best knowledge, on the properties of magnesium alloy-based chips, especially in light of the deformation imparted to the material based on the variation of the machining parameters. Furthermore, this work aimed to give direction to the solid-state recycling of chips generated not just through turning, but through all machining processes in general. 
Materials and Methods

Processing
In this study, AZ91 alloys, supplied by Tokyo Magnesium Co. Ltd. (Yokohama, Japan), were used as the base materials. The AZ91 ingots were subjected to a turning operation performed on a lathe machine at 395 rpm and a feed rate of 62 mm/min. In this operation, a piece of material in the form of chips/turnings was removed from the surfaces of the work-piece/ingot using a carbide insert (TNMG 160404-HQ; Grade CA515, Hare & Forbes machinery house, Sydney, Australia) in a turning tool holder (Model No. WTJNR-2020-K16, Hare & Forbes machinery house, Sydney, Australia) with a tool height of 20 mm. The parameter that varied in the turning operation was the depth of cut (DOC) where the ingots were given three different DOCs: 0.5 mm DOC, 1.0 mm DOC, and 1.5 mm DOC, while all of the other parameters were kept constant. Compaction of the collected turnings was done uniaxial at room temperature in a hydraulic press for a duration of 1 min at a pressure of 1000 psi. 
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Density and Porosity Measurements
The density of the samples was measured using the Archimedes' principle. The weights of the samples were measured using an ER-182A electronic balance (A&D Engineering, Thebarton, Australia) with an uncertainty of ±0.0001 g. The densities were also measured using a gas pycnometer where an inert gas (helium) was used as the displacement medium and the values were cross checked. Porosity of the samples was measured using the theoretical and experimental densities under the assumption that the discrepancies between the theoretical and experimental densities were due to the porosity of the material.
Microstructure and X-Ray Diffraction
Grain characteristics were computed using the line intercept method following ASTM E112-13 standards on images obtained from the scanning electron microscope (SEM). Microstructural characterization was performed through SEM (JEOL-JSM-6010, Jeol USA Inc., Peabody, MA, USA) with an attached EDS (energy dispersive spectrometry) analysis. Furthermore, secondary phase analysis was done on an automated Shimadzu-LAB XRD series 6000 using a Cu Kα radiation of wavelength 1.54 A • at a scan speed of 2 • /min.
Mechanical Characterization
Micro-hardness was measured with the aid of a digital micro-hardness tester (Shimadzu (Asia Pacific) Pte Ltd, Singapore, Singapore) in accordance with ASTM E384-11e1 (245.5 mN of load; 15 s of dwell time). Compressive loading using a servo-hydraulic fully automated mechanical testing machine (Eden Prairie, MN, USA), MTS 810, was done uniaxial following the ASTM E9-09 standard at a quasi-static strain rate of 1.6 × 10 −4 s −1 .
Results and Discussion
Plastic Deformation Induced during Turning
When the as-received ingots were subjected to turning, the work-piece/metal underwent a material removal process by a sharp cutting tool. This cutting action involved two main steps: (i) formation of a chip, which happens through a localized shear process in a narrow region where the metal is compressed; and then (ii) the metal is made to flow on the face of the tool. Chip formation involves the work material to be deformed by shear, and as chips are removed, new surfaces are exposed to the tool. Figure 2a gives a realistic view of chip formation, showing two distinct shear deformation zones i.e., a high shear strain zone at the tool-work-piece interaction, resulting in high plastic deformation and a low shear strain zone due to the tool-chip friction resulting in a low plastic deformation of the chip. Figure 2b validates this by demonstrating the presence of shear bands on the chips at the two zones marked as low and high plastic deformation zones. The image was taken from a section of the chips randomly. It may be noted that the materials with increased depths of cut appeared to have more discontinuous chips. With an increment in the depths of cut from 0.5 mm to 1.5 mm progressively, the material removal rate (which is directly proportional to the depth of cut) was increased, implying the increase in the extent of deformation in the materials. Thus, it can be noted that materials with 1.5 mm DOC have chips that imparted a higher degree of shear deformation when compared to the material with 0.5 mm and 1 mm DOCs [9] .
These turnings were then consolidated and subjected to cold compaction, like the powder metallurgy route, to obtain a billet ( Figure 2c ) that was then soaked and hot extruded. During soaking, the mechanically bonded turnings in the billet softened due to the raised temperature of soaking (250 • C) and fused together to form bonds under the influence of high temperature. This process is thought to be like the process of sintering, where green compacts are heated below the melting temperature of the metal to fuse the particles together. Although, in the current scenario, a soaking temperature of 250 • C would not entirely suffice to completely fuse the turnings together, hot extrusion (a process that involves high temperatures as well as pressure) helps accelerate this process to obtain a well fused bulk metal product. noted that materials with 1.5 mm DOC have chips that imparted a higher degree of shear deformation when compared to the material with 0.5 mm and 1 mm DOCs [9] . These turnings were then consolidated and subjected to cold compaction, like the powder metallurgy route, to obtain a billet (Figure 2c ) that was then soaked and hot extruded. During soaking, the mechanically bonded turnings in the billet softened due to the raised temperature of soaking (250 °C) and fused together to form bonds under the influence of high temperature. This process is thought to be like the process of sintering, where green compacts are heated below the melting temperature of the metal to fuse the particles together. Although, in the current scenario, a soaking temperature of 250 °C would not entirely suffice to completely fuse the turnings together, hot extrusion (a process that involves high temperatures as well as pressure) helps accelerate this process to obtain a well fused bulk metal product. 
Effect of Deformation on Microstructural Features
The results of the density and porosity measurements of the extruded materials are given in Table 1 . The theoretical density of the AZ91 alloy was 1.835 g/cc. The AZ91_AR material i.e., the extruded-as received material had an experimental density of 1.816 g/cc with a porosity of 1.06%. It was observed that the DOC materials also exhibited a similar range of porosity with almost no deviation when compared to the AZ91_AR material. This shows that the consolidation of the chips and hot extrusion helped in the elimination of porosity in the final material. Thus, the effects of porosity or voids in the materials on the properties can be considered negligible. 
The results of the density and porosity measurements of the extruded materials are given in Table 1 . The theoretical density of the AZ91 alloy was 1.835 g/cc. The AZ91_AR material i.e., the extruded-as received material had an experimental density of 1.816 g/cc with a porosity of 1.06%. It was observed that the DOC materials also exhibited a similar range of porosity with almost no deviation when compared to the AZ91_AR material. This shows that the consolidation of the chips and hot extrusion helped in the elimination of porosity in the final material. Thus, the effects of porosity or voids in the materials on the properties can be considered negligible. The microstructures (along the longitudinal section) revealed very fine recrystallized grains for all of the materials (Figure 3a-d) , particularly the ones with prior induced deformation (turning). However, all materials exhibited a bimodal grain structure i.e., bands of dynamically recrystallized (DRXed) and elongated worked grains. Figure 3 indicates that with an increase in deformation in the material during turning (DOC), the average DRXed grain size decreased progressively. AZ91_1.5DOC exhibited the lowest DRXed grain size (1.27 µm), which was 60% lower than that of the AZ91_AR. The microstructures (along the longitudinal section) revealed very fine recrystallized grains for all of the materials (Figure 3a-d) , particularly the ones with prior induced deformation (turning). However, all materials exhibited a bimodal grain structure i.e., bands of dynamically recrystallized (DRXed) and elongated worked grains. Figure 3 indicates that with an increase in deformation in the material during turning (DOC), the average DRXed grain size decreased progressively. AZ91_1.5DOC exhibited the lowest DRXed grain size (1.27 µm), which was 60% lower than that of the AZ91_AR. The individual chips shown in Figure 1b were subjected to XRD to identify the presence of phases prior to compaction and extrusion. The results in Figure 4a show that the materials comprised of α-Mg and Mg17Al12 phases in the as-received condition as well as in the 0.5, 1, and 1.5 DOC turnings/chips. Compared to the as-received material in the ingot condition, the normalized intensity of Mg17Al12 peaks in the turnings was much lower, particularly at an angle of ~36°. This is believed to be due to the reduction in the size of the phases, thereby changing their distribution due to the processing that led to the drop in the intensity from the corresponding phase when subjected to xray diffraction. Furthermore, the XRD of AZ91 in the as-received condition revealed the lowest intensity at 34° (corresponding to the (0001) basal plane), indicating a strong basal texture. However, it is to be noted that the turnings did not exhibit any dominant texture as seen from their intensities due to the random selection of differently oriented turnings for XRD. Figure 4b also provides a qualitative idea about the texture of the materials. All the materials exhibited a strong texture with The individual chips shown in Figure 2b were subjected to XRD to identify the presence of phases prior to compaction and extrusion. The results in Figure 4a show that the materials comprised of α-Mg and Mg 17 Al 12 phases in the as-received condition as well as in the 0.5, 1, and 1.5 DOC turnings/chips. Compared to the as-received material in the ingot condition, the normalized intensity of Mg 17 Al 12 peaks in the turnings was much lower, particularly at an angle of~36 • . This is believed to be due to the reduction in the size of the phases, thereby changing their distribution due to the processing that led to the drop in the intensity from the corresponding phase when subjected to x-ray diffraction. Furthermore, the XRD of AZ91 in the as-received condition revealed the lowest intensity at 34 • (corresponding to the (0001) basal plane), indicating a strong basal texture. However, it is to be noted that the turnings did not exhibit any dominant texture as seen from their intensities due to the random selection of differently oriented turnings for XRD. Figure 4b also provides a qualitative idea about the texture of the materials. All the materials exhibited a strong texture with the intensity at 2 Theta of 34 • corresponding to the basal plane, being the lowest in the XRD of the cross section of the samples. Although there could be a variation in the texture strengths, it was noted that all the materials exhibited a strong extrusion texture.
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(a) (b) Figure 4 . XRD of (a) base materials i.e., turnings/chips before extrusion, and (b) extruded materials.
Furthermore, SEM images (Figure 3a-d) and XRD ( Figure 4 ) revealed that the materials contained α-Mg + Mg17Al12 phases distributed across the microstructure. For recrystallization to occur, adequate prior deformation to provide nuclei and sufficient stored energy to drive their growth is necessary. Increasing the deformation, i.e., by increasing the depth of cut in this case, increases the rate of nucleation faster than it increases the rate of growth [15] . Therefore, the final DRXed grain size reduces with increased deformation, as was the case for AZ91_1.5DOC. However, the presence of phases also affects the final grain size. Increased presence of continuous bands of precipitates was observed in the AZ91_DOC alloy compared to AZ91_AR. This suppressed the complete nucleation of new grains during extrusion in the deformed alloys, resulting in the presence of high amounts of worked grains, which was also expressed previously in [7] .
Effect of Deformation on Mechanical Properties
The micro-hardness and compressive properties are given in Figure 5a . A general observation was made that the micro-hardness of those materials with induced deformation was higher than that of the material that was not imparted with any prior deformation. Furthermore, with increase in the deformation (i.e., increased DOC), the micro-hardness increased significantly to as high as 185 HV in AZ91_1.5DOC. The compressive yield strength followed a similar trend as that of micro-hardness, i.e., the compressive yield strength progressively increased with increments in DOC as seen in Figure  5b . AZ91_1.5DOC exhibited the highest compressive yield strength of about 364 MPa, which was 75% higher than that of AZ91_AR. This shows the significance of this method in imparting strength to the material. Furthermore, the strains to failure were in the same range as that of the as received condition, with all the materials exhibiting a reasonable failure strain of >15%, indicating no compromise in the ductility of the materials under compressive loading. (Figure 4 ) revealed that the materials contained α-Mg + Mg 17 Al 12 phases distributed across the microstructure. For recrystallization to occur, adequate prior deformation to provide nuclei and sufficient stored energy to drive their growth is necessary. Increasing the deformation, i.e., by increasing the depth of cut in this case, increases the rate of nucleation faster than it increases the rate of growth [15] . Therefore, the final DRXed grain size reduces with increased deformation, as was the case for AZ91_1.5DOC. However, the presence of phases also affects the final grain size. Increased presence of continuous bands of precipitates was observed in the AZ91_DOC alloy compared to AZ91_AR. This suppressed the complete nucleation of new grains during extrusion in the deformed alloys, resulting in the presence of high amounts of worked grains, which was also expressed previously in [7] .
The micro-hardness and compressive properties are given in Figure 5a . A general observation was made that the micro-hardness of those materials with induced deformation was higher than that of the material that was not imparted with any prior deformation. Furthermore, with increase in the deformation (i.e., increased DOC), the micro-hardness increased significantly to as high as 185 HV in AZ91_1.5DOC. The compressive yield strength followed a similar trend as that of micro-hardness, i.e., the compressive yield strength progressively increased with increments in DOC as seen in Figure 5b. AZ91_1.5DOC exhibited the highest compressive yield strength of about 364 MPa, which was 75% higher than that of AZ91_AR. This shows the significance of this method in imparting strength to the material. Furthermore, the strains to failure were in the same range as that of the as received condition, with all the materials exhibiting a reasonable failure strain of >15%, indicating no compromise in the ductility of the materials under compressive loading.
AR alloy. Furthermore, the prior deformation in the turnings resulted in strain hardened materials when compared to the as received material. Strain hardening, therefore, is another dominating strengthening mechanism that was responsible for AZ91_1.5DOC exhibiting a high compressive yield strength. Thus, this significant enhancement in the mechanical properties of the materials can be attributed to their grain structure, which is also correlated to the extent of prior deformation during turning (in the form of increasing DOCs). Another possible mechanism is the dispersion strengthening of magnesium by the oxides [18] stemming from the surface of the chips. However, this needs further study and understanding before conclusive remarks can be made as to whether the size of the oxides plays a crucial role in the strengthening mechanism. Furthermore, the oxide size also affects the ductility. Hence, it is the future scope of this work to identify the isolated contribution of such a mechanism.
(a) (b) 
Mechanism and Comparison with Conventional Deformation Processes
This turning induced deformation approach was compared to the conventional cold deformation techniques such as torsion induced deformation, which was undertaken by [7] , to understand the effectiveness of this approach. Figure 6 gives the mechanical properties of the same AZ91 alloy processed through this approach and the torsion induced deformation approach. In the torsion-induced deformation approach, the materials were solution treated for 3 h at 420 °C and extruded at 400 °C and then subjected to free end torsion deformation. Although the processing and the process parameters differed from this work, the two types of deformation were done on the same material (i.e., AZ91) and were compared in terms of their compressive properties. It was evident that the yield strength of AZ91_1.5DOC was about 45% higher than that of the torsion deformed and aged AZ91, indicating the effectiveness of this technique in improving strength. Furthermore, a mechanism of this approach was established alongside a comparison to the conventional SPD techniques such as ECAP (Figure 1 ). ECAP usually results in a uniform deformation of bulk material after multiple passes [3] , with a high amount of strain imparted to the material. This results in a tremendous improvement in the properties of the material that is processed by ECAP. While this technique initially imparts a non-uniform deformation (localized primary and secondary plastic deformation zone) in each chip, however, this non-uniform deformation is overcome by the consolidation of randomly oriented (Figure 2c ) and deformed chips during compaction, which leads to a rather uniform arrangement of chips; in other words, a near uniform deformation of the bulk material similar to that of ECAP occurs. It must be noted that the amount of strain imparted in ECAP is much higher than the current technique and was used only as a means of comparison. Thus, this The remarkable increment in the compressive yield strength in the DOC materials as against the as received (AZ91_AR) was due to a few critical factors. One such factor is the development of fine-recrystallized grained structures in DOC materials compared to AR, which helps in improving the yield strength following the Hall-Petch equation [16, 17] . This was substantiated by AZ91_1.5DOC exhibiting a grain size 60% smaller than that of the AR alloy and a yield strength 75% higher than the AR alloy. Furthermore, the prior deformation in the turnings resulted in strain hardened materials when compared to the as received material. Strain hardening, therefore, is another dominating strengthening mechanism that was responsible for AZ91_1.5DOC exhibiting a high compressive yield strength. Thus, this significant enhancement in the mechanical properties of the materials can be attributed to their grain structure, which is also correlated to the extent of prior deformation during turning (in the form of increasing DOCs). Another possible mechanism is the dispersion strengthening of magnesium by the oxides [18] stemming from the surface of the chips. However, this needs further study and understanding before conclusive remarks can be made as to whether the size of the oxides plays a crucial role in the strengthening mechanism. Furthermore, the oxide size also affects the ductility. Hence, it is the future scope of this work to identify the isolated contribution of such a mechanism.
This turning induced deformation approach was compared to the conventional cold deformation techniques such as torsion induced deformation, which was undertaken by [7] , to understand the effectiveness of this approach. Figure 6 gives the mechanical properties of the same AZ91 alloy processed through this approach and the torsion induced deformation approach. In the torsion-induced deformation approach, the materials were solution treated for 3 h at 420 • C and extruded at 400 • C and then subjected to free end torsion deformation. Although the processing and the process parameters differed from this work, the two types of deformation were done on the same material (i.e., AZ91) and were compared in terms of their compressive properties. It was evident that the yield strength of AZ91_1.5DOC was about 45% higher than that of the torsion deformed and aged AZ91, indicating the effectiveness of this technique in improving strength. Furthermore, a mechanism of this approach was established alongside a comparison to the conventional SPD techniques such as ECAP (Figure 1 ). ECAP usually results in a uniform deformation of bulk material after multiple passes [3] , with a high amount of strain imparted to the material. This results in a tremendous improvement in the properties of the material that is processed by ECAP. While this technique initially imparts a non-uniform deformation (localized primary and secondary plastic deformation zone) in each chip, however, this non-uniform deformation is overcome by the consolidation of randomly oriented (Figure 2c ) and deformed chips during compaction, which leads to a rather uniform arrangement of chips; in other words, a near uniform deformation of the bulk material similar to that of ECAP occurs. It must be noted that the amount of strain imparted in ECAP is much higher than the current technique and was used only as a means of comparison. Thus, this technique is highly effective in imparting near-uniform deformation and strength to magnesium alloys. However, one limitation with this technique is that the total volume of the resultant extruded material is lower when compared to an extrudate of a cast billet because of the air pockets between the chips in the consolidated billet. Furthermore, other secondary deformation methods like rolling or swaging could also lead to similar improvements in the mechanical properties, which would be an interesting direction of research to recycle magnesium alloys and composites. technique is highly effective in imparting near-uniform deformation and strength to magnesium alloys. However, one limitation with this technique is that the total volume of the resultant extruded material is lower when compared to an extrudate of a cast billet because of the air pockets between the chips in the consolidated billet. Furthermore, other secondary deformation methods like rolling or swaging could also lead to similar improvements in the mechanical properties, which would be an interesting direction of research to recycle magnesium alloys and composites. 
Conclusions
AZ91 alloys were successfully fabricated through the consolidation of chips formed during turning, followed by cold compaction and hot extrusion. This work revealed that the increase in depth of cut during turning imparted a higher amount of deformation in the chips, resulting in improved hardness and compressive strengths of AZ91 alloy. A maximum compressive yield strength of 364 MPa was observed in the AZ91_1.5DOC alloy, which was 75% higher than the AZ91_AR alloy. This was due to the development of fine-grained structures in the AZ91_1.5DOC alloy, which were 60% smaller than that of the AZ91_AR alloy as well as the plastic deformation induced in the chips during turning that resulted in strain hardening. This turning-induceddeformation technique, in addition to conventional deformation routes (such as torsion), is a viable route for the strengthening of Mg alloys. 
